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FORWARD

The "Workshop on Problems of Rotating Liquids" was held at the
Army High Performance Computing Research Center (AHPCRC) in
Minneapolis, MN on 22-23 April 3991. The two day meeting was
co-sponsored by Professor Daniel Joseph, University of Minnesota
and Miles Miller, U.S. Army Chemical Research, Development and
Engineering Center (CRDEC). Dr. Joseph is engaged in fluid
dynamic research under an Army Research Office (ARO) contract
and Mr. Miller is the Scientific Coordinator tor the Fluid
Dynamics Area of the CRDEC Basic Research Program.

The "Workshop" primarily dealt with the subject of liquid-filled
projcztile :.ý ,Labilities. The meeting location was
selected to reflect the critical use of Computational Fluid
Dynamics (CFDI and high performance computers in support of
this technology area and was the first "Workshop" hosted by
the AHPCRC. Those invited to attend had all contributed to
the technical aspects of this topic. The list of attendees
is contained on page 337.

The two general goals of the "Workshop" were to:

* Help resolve an important problem in the
nation's interest.

* Move the general subject of fluid dynamics
forward.

More specific objectives of the "Workshop" were to assess the
progress made in this technology and recommend research
activities to address particular needs.

The "Workshop" agenda is shown on pages 339 and 340. The first
day was devoted to overviews, tours, and special presentations.
The second day's activities were concerned with vario'.s "work
in progress" sponsored or performed by either the U.S. Army
Ballistic Research Laboratory (BRL) or the CRDEC. The papers
presented by individuals from the Ohio State University
represent work performed under a research contract funded by
the CRDEC. These proceedings contain copies of the viewgraphs
shown by each presenter.

The last time a special meeting on this subject was held was
at the "Roundtable On Liquid-Filled Shell" held in September of
1984. That meeting had charted the course of study in this
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aroa for the past seven years and !.t seemed timely that we
should reassess our progress at this point. During the
"Wrap-Up" session of the "Workshop", the recommendations of the
previous "Roundtable" were reviewed by the attendees and an
updated list of new topics and future directions for research
in this area was formulated. These results are summarized in
the last section of these proceedings.
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OVERVIEW OF CRDEC RESEARCH PROGRAM
FOR LIQUID-FILLED PROJECTILES

In the short time I have this morning, I want to indicate
the reasons why the CRDEC was interested in holding this
workshop; what our main technical interests are; and provide
a brief review of the background, current efforts, and
future directions in this area.

The main area of "Rotating Liquids" of interest to the CRDEC
has to do with the flight stability of liquid-filled
projectiles. The CRDEC is the development agency for
chemical weapons which include antipersonnel, antimateriel,
flame & incendiary and smoke & obscurants. Most of these
weapons involve spinning projectiles which contain liquid or
non-rigid payloads. This would include artillery shells,
mortars, grenades, small arms, missiles, etc.

At the previous "Roundtable on Liquid-Filled Projectiles",
held in September 1984, a relatively detailed history of
this technology was presented. For the benefit of those of
you who are new to this topic, I would like to briefly
review certain highlights.

This viewgraph depicts a historical perspective of the
significant events in this area. While the CRDEC has been
interested in this problem since World War I, until the late
1970's, their effort was limited primarily to experimental
studies in direct support of developmental munitions. The
bulk of the scientific research was accomplished by the BRL.
The Stewartson-Wedemeyer Theory appeared to adequately
address the liquid-fills of interest at that time.
Consequently, the BRL effort concentrated on experimental
activities such as free gyroscope and yaw sonde
investigations.

The research activities at the CRDEC started in 1977 as a
consequence of a flight stability problem with XM761; a
155mm, artillery projectile which had a partial
solid/partial liquid payload composition. The result of
this effort was the evolution of the Test Fixture For
Non-Rigid Payloads. This experimental apparatus forces a
full sized payload container to assume the simultaneous
spinning and coning motion of a projectile in flight. The
test fixture was used to eliminate the XM761 problem
culminating in the M825 projectile. It was subsequently
employed to discover and characterize the destabilizing
influence of highly viscous liquid-fills.
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The real beginnings of the CRDEC research effort took place
in 1982 with the establishment of the Fluid Dynamics Work
Area of the CRDEC Basic Research Program. At the same time,
the Laboratory Test Fixture For Non-Rigid Payloads was
extensively modified to increase its performance, automate
the data acquisition and reduction, and facilitate
experimental operations. It is currently being employed for
basic research studies as well as for various developmental
munition programs. Examples of both uses will be presented
as part of the "Work In Progress" portion of this meeting.

The significant point of this viewgraph is the extensive
amount of work put into this technical area by the army
during the last ten years and the complimentary efforts of
the many different individuals and organizations involved.
Their combined efforts have caused the technology associated
with this problem to progress considerably as illustrated in
the next viewgraphs.

The destabilizing moment produced by a Liquid-fill in a
spinning and coning cylinder can be depicted as a function
of the fluid characteristics (i.e., Reynolds Number) and the
projectile motion (i.e., non-dimensional coning rate).
Fifteen years ago, the theory, and in fact the kno4ledge. of
liquid-filled projectiles was limited to very low viscosity
liquid-fills. These could be predicted quite nicely by the
Stewartson-Wedemeyer Theory. Ten years ago, we were aware,
through laboratory experiments, of a ncw fcrm of instability
at the higher viscosities, but had no predictive theory.
Within the last decade, we have developed theoretical
methods to handle the entire range of liquid viscosities.
Murphy has extended the Stewartson-Wedemeyer theory for the
high Reynolds numbers and computerized its use. Hall,
Sedney and Gerber and Herbert and Li have both developed
theoretical methods which cover the low Reynolds number
range. The general capabilities of the various analytical
methods are summarized in the next viewgraph.

The CRDEC Basic Research Program has followed a three
pronged approach as illustrated in this viewgraph. The
theoretical and numerical studies are completed under
research contracts through academic institutions with the
CRDEC performing primarily experimental investigations using
their Laboratory Test Fixture for Non-Rigid Payloads. The
following series of viewgraphs summarizes the significant
accomplishments achieved through the CRDEC sponsored
program. The next viewgraphs list the publications related
to this area which were sponsored by the CRDEC. This work
has been complimented by research at the BRL and various ARO

ii



funded research. CRDEC and BRL personnel meet every two
months to review their respective activities.
The CRDEC effort has concentrated on, but not been limited
to, highly viscous liquids. The goal has been to
understand, predict and prevent flight instabilities due to
any liquid-fill. A comprehensive summary of papers on the
year's research findings are presented each year at the
CRDEC Scientific Conference on Chemical Defense Research. A
review of the Fluid dynamics progress is held for the AR-
each spring at the CRDEC. The following is an abbreviated
version of this year's CRDEC/ARO review which took place in
early April 1991.

The overall objective of the Fluid Dynamics Work Area of the
CRDEC Basic Research Program is shown in this viewgraph.
While the area of antipersonnel, chemical munitions has been
reduced, it has been replaced with the other areas as shown.
While efforts still continue to understand and predict
flight instabilities, the current emphasis is on determining
ways to reduce or eliminate them.

The Fluid Dynamics Area involves two areas of emphasis:
Fluid-Filled Projectile Flight Instabilities and Fluid
Rheology. The latter tcpic is important not on!y for this
area, but for other CRDEC programs as wel). The
Fluid-Filled Projectile work receives the major portion of
the funding for the reasons shown in this viewgraph: problem
unique to CRDEC; CRDEC possesses special experimental
facilities; and new chemical munition fills must be
addressed. As indicated in this viewgraph, the CRDEC
in-house effort deals mainly with experimental studies which
support theoretical studies performed under contract by
universities

This viewgraph contains selected accomplishments during FY91
in the theoretical/numerical area achieved by Dr. Herbert,
Dr. Li and Mr. Selmi, researchers at the Ohio State
University under a CRDEC research contract. The next two
viewgraphs highlight the computer graphics techniques and
the two, immiscible fluid analysis being pursued. In
particular, the two fluid analysis includes the case of very
small amounts of the lower viscosity fluid which is the
basis for the additive approach to reducing the
destabilizing moment due to the higher viscosity fluid.

FY91 experimental accomplishments at the CRDEC are
summarized in the next viewgraph. The next three viewgraphs
include additional details for these items. Detailed
studies were conducted on the CRDEC test fi cture to assess
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the effect of relative viscosity, density and amount of
additive. These data can be compared with the theoretical
results shown previously. Test Fixture experiments showed
that the payload container inner surface roughness has no
influence on the flight stability. The CRDEC Test Fixture
was used to evaluate an artillery projectile containing a
viscoelastic fill for a special Operation Desert Storm
application. The ability to measure the despin moment due
to an arbitrary non-rigid payload on the Test Fixture and
then to compute the associated destabilizing yawing moment,
with confidence, was established through the basic research
program on liquid-filled projectiles.

Additional accomplishments are listed in the next viewgraph
followed by four viewgraphs illustrating the basic results
of the instrumented flight test program. These illustrate
that the partial-fill condition produces the same
instability as the fully-filled condition; the shear
thinning, viscoelastic fill provides a stable flight; and
the immiscible, low viscosity additive does eliminate flight
instabilities, but transient effects must be considered.
The classic "Epicyclic Theory" of projectile motion has been
modified to include the effects of a liquid-fill; indicating
the combination of the internal payload and external
aerodynamic effects on the projectile flight flight
stability.

Future Directions in this CRDEC research area are shown in
the next viewgraph. Work will continue to assess the use of
immiscible, low viscosity additives to reduce or eliminate
viscous, liquid-fill flight instabilities, especially
considering launch transient effects. The potential use of
longitudinal baffles as a means of eliminating flight
instabilities will also be evaluated. Previous Test Fixture
data, depicted in the next viewgraph, indicate that they may
be effective under certain conditions. Two, three and four
section baffles will be investigated on the Laboratory Test
Fixture for Non-Rigid Payioads. The influence of
viscoelastic effects on creating very large despins at
relatively low spin rates as shown in this viewgraph will
also be studied. Other non-Newtonian fluids will also be
investigated.
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SIGNIFICaNT ACCOMPLISHMENTS OF CRDEC
RESEARCH IN LIQUID-FILLED PROJECTILES

1977 - CRDEC Laboratory Test Fixture built and used to solve liquid-
fill flight stability problem of developmental smoke projectile.

1978 - Discovery of new type of flight instabilty created by highly
viscous liquid-fills from laboratory fixture experiments at
the CRDEC.

1979 - Extensive experimental investigation of viscous liquid-fills
using CRDEC test fixture.

1981 - Flow visualization studies conducted for internal flow inside
spirining/coning cylinder using CRDEC test fixture.

1982 - Fluid Dynamics Work Area established in CRDEC Basic Research
Program.

1983 - Direct laboratory measurement of the destabilizing yawing
moment due to a highly viscous liquid-fill using the CRDEC
test fixture.

1983 - Computational Fluid Dynamic (CFD) analysis of the viscous
liquid-fill situation by Sandia Laboratories supported by
the CRDEC.

1984 - "Roundtable on Liquid-Filled Shell" co-sponsored by CRDEC.

1984 - Theoretical analysis of viscous liquid-fill problem by Herbert
(VPI) including use of volume integral to compute liquid-
induced moments supported by the CRDEC.

1985 - Six Degree-of-Freedom flight motion/trajectory program for
liquid-filled projectiles evolved by Sandia Laboratories
supported by the CRDEC.

1985 - Finite element CFD analysis completed for viscous liquid-fill
problem by Rosenblat (Fluid Dynamics International) supported by
the CRDEC.

1985 - Development of general relationship between liquid rolling and
liquid yawing moments by Rosenblat supported by the CRDEC.

1q85 - Formualtion of a three-di.mensional graph to depict the
entire liquid-filled projectile flight stability problem
by CRDEC researchers.
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1986 - CFD analysis conducted for viscoealstic fluid-filled
projectile by Rosenblat supported by the CRDEC.

1986 - Laboratory measurement of the influence of a viscoelastic
fluid-fill in creating projectile flight instabilities using
the CRDEC test fixture.

1986 - Formulation of the theoretical relationship between the
liquid-fill induced rolling and yawing moments by Rosenblat
supported by the CRDEC.

1987 - Detailed experiments to validate the linear and generalized
liquid moment coeffients using the CRDEC test fixture.

1987 - Fully spectral CFD code developed by Herbert (Ohio State
Univ) for viscous liquid-fill problem supported by the CRDEC.

1988 - Purely analytical method developed to compute liquid-fill
moments at any Reynolds number by Herbert and Li supported
by the CRDEC.

1989 - T.aboratory measurements of the effect of partial-fill case
with a viscous liquid-fill using the CRDEC test fixture.

1989 - Laboratory demonstration of the use of an immiscible, low
viscosity additive to eliminate viscous liquid-fill flight
instabilities. Concept evolved in collaboration with Joseph
(University of Minnesota).

1990 - Experimental evaluation of effect of internal surface texture
of payload container on creation of viscous liquid-fill,
flight instabilities.

1990 - Detailed experimental evaluation performed on influence of
various immiscible, low viscosity additives using CRDEC test
fixture.

1991 - Theoretical analysis completed to predict effect of two
immiscible fluids covering entire range of viscosity, density
and relative volumes by Selmi (Ohio State Univ) supported
by CRDEC.

1991 - Instrumented flight tests conducted to validate viscoelastic
fluid, partial-fill case, and immiscible additives.

1991 - Enhanced computer graphic techniques evolved to facilitate
visualization and intrpretat 1 of internal fluid dynamics
of spinning/coning cyinder by Herbert supported by CRDEC.
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CRDEC BASIC RESEARCH
IN FLUID DYNAMICS

CONDUCT EXPERIMENTAL AND THEORETICAL
INVESTIGATIONS OF PHYSICAL PROPERTIES, DYNAMIC
CHARACTERSTICS, AND NEW PHENOMENA RELATED TO
THE DELIVERY OF CHEMICAL PAYLOADS ASSOCIATED
WITH ANTIMATERIEL, SMOKE & OBSCURATION AND
FLAME & INCENDIARY APPLICATIONS.

METHODOLOGY

* UNDERSTAND PHYSICS OF EFFECT

* ESTABLISH PREDICTIVE CAPABILITY

* DETERMINE MEANS TO CONTROL EFFECT
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FLUID DYNAMICS

TASK OBJECTIVE

1. Fluid-Filled Perform experimental and
Projectile Flight theoretical studies to under-
Instabilities stand, predict and control flight

Instabilities of liquid-filled
projectiles for chemical
munitions.

2. Fluid Rheology Perform experimental and
theoretical studies to
establish Improved techniques for
techniques for determining
rheological properties and
dynamic behavior of chemical
compositions.
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FLUID DYNAMICS
(FY91 ACCOMPLISHMENTS)

TITLE: FLUID-FILLED PROJECTILE FLIGHT INSTABILITIES

* Theoretical: (CRDEC research contract with The Ohio State
University)

* Developed advanced computer graphics techniques to

Illustrate, Interpret and validate Internal flow -
Includes still and animated displays (Anatomy of
Liquid-Filled Projectiles).

* Analysis performed for two immiscible fluids with large

differences In viscosity with the lower viscosity
fluid present in small amounts.

* Evaluated effects of transient conditions on creation

of liquid-fill Induced flight Instabilities and compared
wiih experimental results.
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FLUID DYNAMICS
(FY91 ACCOMPLISHMENTS)

TITLE: FLUID-FILLED PROJECTILE FLIGHT INSTABILITIES

* Experimental: (Research studies at the CRDEC)

* Conducted experimental investigations using CRDEC

Laboratory Test Fixture For Non-Rigid Payloads:

* Effect of two Immiscible fluids with large differences

in viscosity on reduction of viscous liquid-fill flight
Instabilities. (Concept evolved in collaboration with
Dr. D. Joseph, University of Minnesota.)

* Effect of Internal surface roughness of payload

compartment on creation of viscous liquid-fill flight
Instability.

* Operation Desert Shield program to rapidly field

artillery projectile having special liquid-fill
similar to those Investigated previously under the
CRDEC Basic Research Program.
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FLUID DYNAMICS

(FY91 ACCOMPLISHMENTS) continued

TITLE: FLUID-FILLED PROJECTILE FLIGHT INSTABILITIES

"* Completed Instrumented flight tests of artillery
projectiles to validate experimental/theoretceal
results of partial fill, vlscoolastic fill and
Immiscible, low viscosity additives.

"* Modified Epicyclic Theory to Include effect of viscous
liquid-fill to predict flight stability using either
theoretical or experimental data.

"* Co-sponsored Workplace on Problems of Rotating Uquids
at the Army High Performance Computing Research Center."
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FLUID DYNAMICS
FUTURE DIRECTIONS

"* Continue to Investigate methods to reduce or eliminate
viscous liquid-fill flight Instabilities.

a Immiscible, low viscosity additives.

a Longitudinal baffles.

"* Evaluate effect of non-cylindrical and eccentrically

located payload compartments on producing liquid-filled
flight Instabilities.

"* Study neutrally buoyant, second body phenomenon related

to flight stability.

. Consider flight stability effects of novel fluid-fills

Including slurries, powders, viscoelastic fluids, etc.

* Exploit unusual behavior of novel fluids to Increase

control of flight vehicles and other fluid dynamic
devices.
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AREAS OF CONCERN IDENTIFIED AT ROUNDTABLE
ON LIQUID-FILLED SHELL, 20-21 SEPT 1984

(not prioritized)

Effect of:

Changes in internal geometry (damp out inertial modes).

Interaction of internal flow conditions with external aerodynamics.

Unconventional internal geometry and configurations.

Partial solid/Partial liquid payloads including porous media.

Non-Newtonian fluids.

Spin-up and cone-up (Transient behavior of fluid and shell's response).

Mixing of several fluids.

Chemical Reactions in Multi-component fluid systems.

Linear vs non-linear analysis.

Thermal effects.

Understand and Predict:

Hydrodynamic and aerodynamic stability and their coupling.

Theoretical basis of bias due to frequency.

Sensitivity of shell's response to cavity aspect ratio.
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work To Do/Gaps:

Experimental (Laboratry):

Partially-filled container.

Verification of Whiting's experimental results at low angles.

Pressures at low Reynolds numbers.

Velocities.

Despin and yaw moments at ail Reynolds numbers.

Experimental (Flight Test):

Yaw Sonde for different Reynolds numbers.

Identify capabilities and limitations of current fauilities.

Analysis:

Establish systematic approach for all general fluids.

Exploit all methods: linear, perturbation, asymptotic, energy
finite difference and finite element.

Examine bifurcation parameters.

Analyze spin-up using "matched asympototoc expansions.

Analyze conditions for Stewartson instability due to coning match.

Computations:

Eigenfrequencies for partial-fill.

CRAY II for coupling of aerodynamics and fluid dynamics.

Finite difference and finite element with adaptive grids.

Comparisons:

Analysis with computations.

Analysis with experiments.

Develop standardized units and parameters.

Determine ranges of parameters of interest to Army.

Large angle (90 degree) coning experiments.
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Future Directions -
Liquid-Filleo Projectiles

Experimental:

Non-cylindrical containers (all viscosities).

Longitudinal baffles to eliminate flight instabilities
of viscous liquid-fills.

Immiscible, low viscosity addit;ve to eliminate flight
instabilites of viscous fills (transient effects).

Effects of non-Newtonian fluids.

Theoretical:

Purely theoretical method that can handle all viscosities
(one stop approach).

viscoelastic fluids.

Computational:

Launch transient effects.

Liquid-Filled Projectile Design Handbook.
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Analysis and Visualization
of the Flow in a

Spinning and Nutating Cylinder

Thorwald Herbert
Rihua Li

Mohamed Selmi

Department of Mechanical Engineering
The Ohio State University

Supported by
CSL - CRDC - CRDEC

Additional support by
AFOSR, NSF & OSC (Cray YMP/864)

Workshop on Problems of Rotating Fluids
AHPCRC Minneapolis, Minnesota

April 22-23, 1991
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Outline

e Introduction - History

* Analytical Studies

* 3D Spectral Navier-Stokes Solver

* Eigenfunction Expansions

9 Computation of the Moments

* Flight Simulations

* Extensions (Li, Selmi)

* Experimental Flow Visualization

* Computer Visualization

* Summary
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Governing Equations

"* Navier-Stokes equations

"* Nutating (aeroballistic) coordinates

"* Linearized ing Q -sinO
CO

V -V= 0

-v +2,r xv+ VPd - V 2 V-- 2 rur ek
Re

where

V2a ia 2  a2
dr2  r ar r 2 4 2  dz 2

rtr = sinOcosý

(tr, T~pq 1 + tCz) sinOsiný

-cz - cosO
0i)
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* Take the curl V x of the momentum equations

* Take the curl V x of the resulting equations

* Apply V2) to the resulting equations• Appy ( Re

a2V2v- 2 aV4v + V6v + 4(l + r z )---- = 0
4d•2 Re a Re2 az 2

"• Introduce Fourier series for v
Vo = In (r, z)ein

n =-oo

"* For the moments, we need only vz D v o

2i 1 )2 ___V

V2x7z + -2 V44 "z V6 az - 4(1 +tc) 2 tz. 0
Re Re 2  az 2

where

v 1 a2

dr 2  r ar r 2  dz 2
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Scaled Equations and Boundary Conditions

, Introduce vz = Vz1

r=qr, z=qz

q2 iRe, q (1 + i)\Re/2

V2r2 1 a)2
a)p2 T 2 a,22

* Governing equation for vz

v 2vz - 2V 4vz + V6vz - 4(1 + T z )2 a2vz

Z2 -0

s5%14k S kxmk-ove.,"r VPDE
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* Boundary conditions at the ends:

vz= 0

Ovz

-00
az

_3Vz,__ 2 V d5vz
•vi + -=o

a- 3V a 5

where

4a2v? 2 a? •

p p



* Boundary conditions at the wall:

vz = 0

(V• vz) + 2 iV2 + Va--- r a r.OOP

2_3V 1 2 2(1 + Tz)eaa V2l z- 1 2( ~)V2v=

Zp " a iq

2 ( 1 + +I z a2 v z - 2 v - 2 ( 1 +

- rr a 2 iq

where

2 a2 1a 2
ap 2 aT 7? 2
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CONVERGENCE

Re=20.,Eta=4.36842,Tau=0.1 6667,Theta=20.

0.09

least squares

0.08 € collocation

-) 0.07
E
0

c 0.06
0
C
a)

E

0.05 date: 11/10/88
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40 80 120
Number of Eigenfunctions
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Complete Fill: Roll moment vs. Aspect ratio

8 = 2, T" = 0.083333

, RelOO 0 0

0.020- Re= 10,000
----- Re= 1,000

o 0.015-

0.005 1

0.000o 1
1 2 3 4 5 6
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J4,Q

Q, =b(1--y)Q

+aU 8(H + b)27rR b -

If Qp = aQ,

Us = -,Q/(H + b)27rR

SMALL PARTICLES ,,Q
al

a 2

% OUT OF SLOT =1-',(1 -c 2 )

% REMAINING = ý(l 2)

124



V.q=O

•q +Roq. Vq

+2k•x q = -VP + EV2q

0 3Aqp = q + q- rr

PP - PF 2 a 2 0

PF 9 v

v VE •HRo - H

B.C. q=Uw =Uwni
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NUMERICAL STUDY OF UNSTEADY 3D FLOWS

IN A SPINNING AND NUTATING CYLINDER

R. LI & TH. HERBERT

RESEARCH FUNDED BY CRDEC

DEPARTMENT OF MECHANICAL ENGINEERING

THE OHIO STATE UNIVERSITY

COLUMBUS, OHIO

APRIL 1991
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PREVIOUS WORK: STEADY STATE ONLY

"* FDM (USE ARTIFICIAL COMPRESSIBILITY)

VAUGH, OBERKAMPF & WOLFE (1985, JFM)

"* FDM IN R & Z, FOURIER METHOD IN ý.

STRIKWERDA & NAGEL (1988, J. COMPUT. PHYS)

"* SCM (SPECTRAL COLLOCATION METHOD)

HERBERT & LI (1990, J. AIAA)

PRESENT WORK: UNSTEADY (SPIN-DOWN)

0 AND 0 ARE FIXED, WHILE co(t) IS GIVEN.

S9 z
z Y

x

Fig. 1 A sketch of a nutating and spinning cylinder. The frame (x-y-z) is rotating

with respect to tihe fixed frame (X-Y-Z) with the angular velocity 02.
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VELOCITY-VORTICITY FORMULATION

--t- 0 + (V.V) 0 = (O.V)V + VV20 + 20 .VV - 2ý2 (1)
at

V 2 V = VX O (2)

v : KINETIC VISCOSITY

Q: ANGULAR VELOCITY OF NUTATION

V: VELOCITY

0 : VORTICITY (O = -VxV)

REFERENCE QUANTITIES FOR NONDIMENSIONALIZATION:
RADIUS a, DENSITY p, AND coref

NUMERICAL METHOD

FDM IN R & Z (UNIFORM GRID: 20 PTS IN R; 40 PTS IN

Z);

* FOURIER METHOD IN • (6 FOURIER MODES);

* VISCOUS TERMS - MULTISTEP IMPLICIT;

* CONVECTIVE TERMS - MULTISTEP EXPLICIT;

* 2ND ORDER ACCURACY IN SPACE & TIME;

* ITERATION: LINE GAUSS-SEIDEL RELAXATION

WITH ZEBRA PATTERN (VECTORIZATION).
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CALCULATION OF MOMENTS:

VOLUME INTEGRAL

SURFACE INTEGRAL

VOLUME INTEGRAL APPROACH

DV a
"M-Jrx-w -dV- at+ g-2x J (3)

IF WE DECOMPOSE THE VELOCITY FIELD INTO

V=Vr +Vd (4)

Vr : RIGID BODY MOTION; Vd : DEVIATION.

THEN

j = jr + jd (5)

WHERE
jd = (A23  -Ad1' 3, Ad2) (6)

INTEGRALS (DIMENSIONLESS)

A'13 =JVfr cosrrdrd dz (7)

ad 3 = JVdr sinordrd 4dz (8)

A'd2 =1JVdr 2drd Odz (9)

(INDEED, ONLY NEED FUNDAMENTAL OF V/ AND DISTOR-
TION OF THE MEAN OF Vd).
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DIMENSIONLESS COMPONENTS OF MOMENT

M 2A23  +2Ad3 / tanO (10)

A = 2 d3  + 2s(A d2 + Ad 3 /tanO) (11)

M= 2A 12 + rj760(t) + 2&.4 (2

My = my + esO(t)t-z + 22crnt(-2I + -L)/tane (13)
3 2

PARAMETERS: E = QsinO/o)ref, il = c la (ASPECT RATIO)

WHERE

(1) COMPONENTS DUE TO THE UNSTEADINESS OF RELA-

TIVE MOTION (THE TERM -J)

RIGID BODY: ( 0, 0, ln6(t))

DEVIATION: ( " 3 d - 2A, 3' d2 2231 13,2 2

(2) COMPONENTS DUE TO THE CORIOLIS ACCELERATION

RIGID BODY: ( 0, so(t)rit, 0 )

DEVIATION: ( 2A d3 / tane, 2c(A d2 + A 3 /tanO), 2A d3)

(3) COMPONENTS DUE TO THE CENTRIPETAL ACCELERA-
TION

RIGID BODY:( 0, F 21]•(---1112 + 1)/tan8, 0 )
3 2
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RESULTS AND DISCUSSIONS

(1) CALCULATION OF STEADY STATES

* START FROM RIGID BODY MOTION

* COMPARE WITH SCM (5 FOURIER MODES in 4,
5 CHEBYSHEV POLYNOMIALS IN RADIUS,

. CHEP *. SHEV POLYNOMIALS IN HALF LENGTH.)

* = 500 RPM, co = 3000 RPM, 0 = 20 DEG, (')ref=0,

r1 = c/a = 4.368, Re = a 2o'v.

* 0.3 TO 2 MINUTES IN CRAY Y-MP FOR Re < 200.

Steady State (FDM and SCM)

0.14

0.12

N0.!0 - + FDM
o SCM

>E 0.08- Q

(DS0.06

0

0.04 - D

0.02 •

0.00

0 1O 20 30 40 50 60
Re
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(2) SPIN-DOWN OF 60 KCS FLUID

* = 500 RPM, 0 = 20 DEG, 1i = 4.4955.

re=20 = 1000 RPM.

"INSTANTANEOUS REYNOLDS NO." : Re = a 2o(t)/v.

Time History for 60KCS Fluid
8000

7000

,-. 6000O

S5000

S4000

S3000

S2000*

1000 "

0 t I

0 5 10 15 20 25 30 35
time (sec)

(A) CALCULATE STEADY STATES AT DIFFERENT SPIN
RATE.

(B) START FROM STEADY STATE AT t =0, USE THE
GIVEN o(t) AS TIME-DEPENDENT BOUNDARY, RUN THE
"QUASI-STEADY" SPIN-DOWN.

*TIMEt =0TOt =3000

At = 0.02, 150,000 TIMESTEP, 5 HRS. IN CRAY.
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EXAMPLE FOR STEP (A): STEADY STATE AT w, = 6800 RPM

A, : FUNDAMENTAL OF Vd(r = 0.5, z = 0, =0)

A0 : DISTORTION OF MEAN FLOW OF Vd(r = 0.5, z =0, • =0)

-'ime History for w=6800
0.20

0.18 -

0.16 -

0.14

O 0.12 -

S 0.10- A

S0.08
0.06

0.04

0.02 A0

0.00 1 1 1
0.0 1.0 2.0 3.0 4.0

Time

FLUID DEVELOPS FROM RIGID BODY MOTION TO STEADY
STATE RAPIDLY.
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THE INTEGRALS OF UNSTEADY ("QUASI-STEADY") ARE
THE SAME AS THOSE OF STEADY STATE.

CONCLUSION : THE UNSTEADY FLOW FIELD ADAPTS VERY
QUICKLY TO THE SLOWLY CHANGING BOUNDARY CONDI-
TIONS.

Time History for 60KCS Fluid
1-2

12 A23/

1.0- __ Unsteady

C Steady

0.8

S0.6-
Co

a)

.• 0.4

0.2

0.0 A1 z

-0.2 -

0 2000 4000 6000 8000
spinning rate (rpm)
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Mx and My OF UNSTEADY ("QUASI-STEADY") ARE THE
SAME AS THOSE OF STEADY STATE.

Mz OF UNSTEADY ("QUASI-STEADY") IS BELOW THAT OF

STEADY STATE.

Steady and Unsteady Cases for 60KCS Fluid
1.2

1.0 Unsteady

n Steady

S0.8 -

0
S0.6

0

S0.4
SMz

0 0 0 0 0 0 0 0 00o 0

0.2 _ _ __

0.0 •'

-- 0 .2 1lliJ

0 5 10 15 20 25 30 35 40
Re
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THE CONTRIBUTION OF TIME DERIVATIVES OF INTEGRALS

OF UNSTEADY ("QUASI-STEADY") TO THE MOMENT COM-

PONENTS ARE NEGLIGIBLE.

THE CHANGE OF SPIN RATE, 6.(t), HAS CERTAIN EFFECT

ON THE RESULTS OF M. (NOTE: iincd(t) REPRESENTS THE

UNSTEADY RIGID BODY MOTION).

0.02A23 2A 13 2A 12
0.00

-0.02-

-0.04

Q1)
S-o.o6-

-0.062

0.0000 

1

• -0.0002-

S-0.0004- 2A

S-0.0006

S-0.0008o

-0.0010 I i I I
0 1000 2000 3000

time
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(3) SPIN-DOWN OF 10 KCS FLUID

SIMILAR RESULTS TO 60 KCS FLUID.

For 10KCS Fluid
0.40

0.35 - Unsteady + Experiment
o Steady

0.30 + + +

C: +0+ +3 + 0•

- 0.20 
+

0.15

0.10-

0.05

0.00 I I I

0 20 40 60 80 100 120 140
Re
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SUMMARY

(1) FOR MOMENT M = -"J + Q• x J, THE VISCOUS FLOW
at

HAS LITTLE EFFECTS TO THE TERM -J, BUT IMPORTANT
at

CONTRIBUTION TO THE TERM RELATED TO CORIOLIS

ACCELERATION WHICH IS INCLUDED IN THE TERM 9 x J.

(2) THE MOMENTS OBTAINED FROM THE. "QUASI-

STEADY" SPIN-DOWN EXPERIMENTS CAN BE REGARDED

AS THOSE FOR STEADY STATES IF THEY ARE CORRECTED

BY TAKING THE UNSTEADY RIGID BODY MOTION (THE

TERM 71•(b(t)) INTO ACCOUNT.

(3) FOR STEADY FLOW, Mz = -M, sinO + McosO = 0

BUT FOR UNSTEADY FLOW,

Ml -Mdsn MdCos0 -( d -AML = sinO + M -2( 2 3 sin8 - A 12 cosO) + ?"n6o(t )cose

(4) THE FORMULA OF MOMENT CAN BE EASILY

EXTENDED TO THE UNSTEADY CASE THAT BOTH Q2 AND co

ARE CHANGING WHILE 0 IS FIXED (FOR EXAMPLE, "SPIN-

UP").
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Niocelling Non-Newtonlan Behomvor

R. Li~~~. 4Uf

C,"# OTI0CA4 IfwO. a u"A in

4 0 l.P0tLE~*£WAN

0 00
0 0

4 .2 fl 0

1 2 3

LOG Re

Obvious nion-New-orii'an bejtoleor otr h)ivtic~os;y

S Ilicone 200 •-H.4ýds (fo~r 6Xoaip~e., ) 6o kcs)

S. IRosenblat 6t. od. (1186)

Anal~yticod woyk (pertarbo±,ion metho)

Numnericod S{(4AIi'es (CFE M)

No rneo.sued da-fvL fn eperimen-ts &w-ocsb)e.
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R P. Tyt~s (1189, CRD~c-)
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For 100IKCS Fluid 0=500 rpm
0.7

0.6 -

Io Newtonian
0.5- o Corrected

z, Rosenblat
+ Experiment
o 3D Steady +

0.4 + +
N 0

N +. 0

0
+ 0

0
0.3 + C

+ 0 0 0 t 00

4- 0 0

0
+ 0
0

0.2

+ o

+ C,

0.1 +oE

()(. 0

0 200() ,1000 G()(() (11((
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Motion of two Immiscible Fluids
in a Spinning and Coning Cylinder

Mohamed Selmi

Department of Mechanical Engineering

The Ohio State University

Supported by

CRDEC & OSC (CRAY YMP/864)

Workshop on Problems of Rotating Fluids
AHPCRC Minneapolis, Minnesota

April 22-23, 1991
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GOVERNING EQUATIONS

(x,y,z) or (r,4,z)

D V 1 2Dt +2QxV+Qx(2xr)-- VP +vV2 V
D t p

.V-=0

REFERENCE QUANTITIES

Length: a

Velocity: coa

Pressure: p 0O2 a 2

Time -
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NON-DIMENSIONAL PARAMETERS

Aspect ratio :-C
a

Coning frequency -= ci)

Nutation angle: 0

Inner-fluid Reynolds No: Re 0= O a- 2

Vo

Outer-fluid Reynolds No: Re ,- =oa 2

Vi

Po
Density ratio :

Pi

V_ 2
Fill ratio : V _ 1- 2

"Fill radius : r 0
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FLOW DECOMPOSITION

V =Vr +Vd p 1(1 +tz)2r2+ pr +pd
20

p r [r [ 2 (1+,[ z) 2 +r 2 T+2 E2 3-2r zcz Tr]

TZ=, oseF, =,rsinO

To =Sifl, sio Tr -ECOSO

r r
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Complete Fill: Roll moment vs. Reynolds Number

7n = 4.368, 8 = 20, T = 0.16667

0.040
0.035 -- Eigenfunction Exp.

0.030 + 3D-Spectral Code

S0.025 , Rosenblat et al.
a 0.020 o Exp. data of Miller

00

"0. o0o s-

0.010

0.005 -

0.000
10-3 10-1 101 103

Reynolds number, Re
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Complete Fill: Pitch moment vs. Reynolds Number

-7 = 4.368, 0 = 20, T = 0.16667

0.25

0.20 - Eigenfunction Exp.

+ 3D-Spectral Code
0.15 - Rosenblat et al.

3

~0.10

0.05

0.00.
10-3 10-1 101 10 3

Reynolds number, Re
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Complete Fill: Roll moment vs. Aspect ratio

0 - 2, T - 0.083333

0.020 Re= 10,000
•Re= 1,000

0 0.015
043

50.010-
x

0.005

IL J

0.000 - 1- 1

1 2 3 4 5 6
Aspect ratio, •7
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Two Fluids: Roll moment ratio vs. Fill ratio

77 = 4.5, 0 = 1, -r = 0.008

Reo 25, Re1  10'

1.5
1.4-

1.2
~1.1 03
~i1.0

'5 0.9 04

~0.7 98

0.00 0.04 0.08 0.12 0.16 0.20
VI/V
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Two Fluids: Roll moment ratio vs. Fill ratio

7 *= 4.5, 8 = 1, r = 0.008

Re0 = 25, Re1 = 104

8
"Po /Po= 0.20• 7 -

6-
5 5

0.3

00

0.0 0.2 0.4 0.6 0.8 1.0v1/v

* I/
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Two Fluids: Roll moment vs. Fill ratio

7 = 4.5, 8 = 1, -r" = 0.008

Re0 = 25, Re 1 = 104

1.2

S1.0
. Two-Fluid Solution

0. (P 0/p 1=0.00o)

350.6- Void-Fluid S,l-ution

-: 0.4

N0.2

0.0 -
0.0 0.2 0.4 0.6 0.8 1.0v1/v

210I
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Two Fluids: Roll moment ratio vs. Fill ratio

77 = 4.5, 0 = 1, -r = 0.008

Reo 25, Re=10 4 , Po/p, 0.98

1.3
"s 1.2 Re1  1000

-1.1 . Re1 = 10000

•, 1.0-

0.9

,0.8

0 .6 -. _-_-
0.00 0.04 0.08 0.12 0.16

v1/V
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Complete Fill: Roll moment vs. Reynolds Number

7= 4.5, 6 = 20, r = 0.16667

0.035

0.030 -

0.025

I 0.020
a

"% 0.015

m 0.010

0.005

0.000
10- 100 101 102 103 104

Reynolds number, Re
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Two Fluids: Roll moment vs. Inner-fluid Reynolds Number

S= 4.5, 0 = 20, Tr = 0.16667, Re1 = 19250

Po/Pl= 0.98

0.05
V1/V = 0%

0.04 ......... V1 /V =10%

c'0.03,

% 0.02

0.01

0.00 1

10-1 10° 101 102 103 104

Reynolds number, Re2
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Two Fluids: Pitch moment vs. Inner-fluid Reynolds Number
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Partial Fill: Roll moment vs. Fill radius

77 =4.5, 0 = 20, T 0.08674
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Partial Fill: Roll moment vs. Fill radius

77 = 4.5, 0 = 20, T = 0.08674
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Central Rod: Roll moment vs. Fill radius

77 4.5, 8 = 20, -r = 0.08674
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Central Rod: Roll moment vs. Fill radius

"77 4.5, 0 = 20, T" = 0.08674

0.5

-0.4

,0.3

% 0.2

0.0
0.0 0.2 0.4 0.6 0.8 1.0

2o



Roll moment vs. Fill radius

Re = 10 4, 77 = 2, 0 = 2, =0.1111
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Roll moment vs. Fill radius

Re = 10 4 , 77 = 1.5, 0 = 2, T = 0.1111
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INVISCID ANALYSIS ( PARTIAL FILL)

w = i 7. [AkJI(Pkr)+Bk Yl(Pkr)]fk cos(yk z)
k=O

yk=( 2 k+l), PkYtt

[Jl(Pk)+Jl'(Pk)]Ak+ [~Yl(Ik)+Yl'(Pk)]Bk =2(1 +t) -IYkl

[1 _t2±T-ý)Jl(fkro)+ii!roJli(1kro)]Ak +

4( lk 4 O k j (12 2
71 Yk

01 -t 2 ~L!)YlciPkro)+liroYilfVkro)] [Jl(A)+J AN~)]

4( W2 )J(k ro) +.4L rOJ /(3k r 0)]I I )+I IO =0
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CENTRAL ROD: Critical fill radius vs. aspect ratio

Coning frequency: T=0.08674

Nutation angle: 0=20.
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PARTIAL FILL: Critical fill radius vs. aspect ratio

Coning frequency: T=0.08674

Nutation angle: 0=20.
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PARTIAL FILL: Interface shape (r 0 =0.2,0.8, 0=0)

Re 10000, Tr 0.08333, 77 = 3, 0 20
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PARTIAL FILL: Interface shape (r 0 =0.2,0.8, 0=0)

Re 10000, Tr = 0.08333-, 7 = 3, 6 = 2
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TWO FLUIDS: Interface shape (r• = 0.84, q = 90)

Re0 = 30, Re1 = 10000, T" = 0.1, 77 = 4.5, 8 = 20

Po/Pl 0.01
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TWO FLUIDS: Interface shape (ro = 0.66, € = 90)

Re0 = 30, Re1 = 10000, T = 0.1, • 4.5, 6 = 20

Po/Pl= 0.001
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TWO FLUIDS: Interface shape (ro = 0.66, =90)

Reo = 30, Re, = 10000, T 0. 1, 77= 4.5, 0 =2

Po/Pj 0.001
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M825A1 Payloads Tested

A total of 12 different M825A1 payload canisters were evaluated during
this study as listed below:

CONFIG. DESCRIPTION CRDEC EMPTY FILLED SIMULANT I (EMPTY)* I (FILLED)**
No. No. Wt.* Wt.** Wt. Slug-Ft. Slug-Ft.

lbs. lbs. lbs.

1 STD L A #6 23.88 37.01 13.13 .055000 .064838

2 STD H A #38 24.26 37.33 13.07 .055317 .065125

3 STD L B #45 24.06 37.17 13.11 .055128 .064895

4 STD H B #51 24.16 37.23 13.07 .055200 .065000

5 FAT L A #18 24.24 37.36 13.12 .055211 .065046

6 FAT H A #P2 24.32 37.37 13.05 .055291 .064968

7 FAT L B #5, 23.83 36.93 13.10 .054930 .064753

8 FAT H B #78 24.10 37.12 13.02 .055139 .064858

9 FAT P A SHEET #1 24.81 37.35 12.54 .055863 .065095

10 FAT P A SHEET #2 24.83 37.30 12.47 .055846 .065089

11 FAT P A ROLL #1 24.56 37.23 12.67 .055683 .065133

12 FAT P A ROLL #2 24.41 37.23 12.82 .055540 .065030

Where:
STD - Standard radius felt wedges, R-2.46"
FAT - Enlarged radius felt wedges, R-2.56"
L - Light weight felt wedges, Thickness 0.725"-0.780"
H - Heavy weight felt wedges, Thickness 0.781"-0.850"
A - Manufacturer A
B - Manufacturer B
P - Production felt wedges
A SHEET - Manufacturer A felt supplied in sheets
A ROLL - Manufacturer A felt supplied in rolls

* Canister contains all payload components except WP simulant.
** Canister contains all payload components including liquid WP simulant.
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2.3 .67p

1501

DESG~T~4 m FELT SHEET: CLOTH, FELT, WOOL.,

SPEC 2.4 PRESSED, TYPE I
CLASS 12913, .75 THICK

ENLARGED 2.50 SPEC C-F-2M

NOTE: ALL O4M8ISIOWS ARE IN INCHES
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TABLE 1

Properties of Fluorinert

(Physical Simulant for Liquid White Phosphorus)

Fluorinert* White Phosphorus

(25 C) (43.3- C)

Density 1.73 gm/ml 1.73 gm/mr

Viscosity 1.50 CS 1.50 CS

Surface Tension 15.4 dyzies/cm 71.6 dynes/cm

NOTE: Blend of Fluorinert FC40 and FC72, 1 Paut FC40 to

0,129 Part 0,129 Part FC72 by volume.

Fluorinert is an electronic flu'A manufactured by:

Comrnrrcial Chemical Division/3M, 223-65-04 3M Center,

St. Paul, MN 55144-1000.
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TABLE 2

ZONE VO PN, f

(RPM) (RPM) (DEG)

4 Transonic 6,000 500 0 through 20
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PAYLOAD MOMENTS vs CONING ANGLE

3-

FELT FELT FELT
CONHIG SIZE WEIGHT SOURCE

1 STD L A
2 STD H A 3
3 STD L 8

m/ 4 STD H B

5 FAT L A
2 6 FAT H A

7 FAT L B

8 FAT H B

a-

LLJ

O w=6000 RPM
0=500 RPM

<•
0

a_ 7

5

STABLE

5 10 15 20

CONING ANGLE (0) , DEC
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PAYLOAD MOMENTS vs CONING ANGLE

3

FELT FELT FELT

CONFIG SIZE WEIGHT SOURCE

9 FAT P A (SHEET)
10 FAT P A (SHEET)
11 FAT P A (ROLL)

") 12 FAT P A (ROLL)
__Jm

2

,'-S

.--

O =6000 RPM
>- 0=600 RPM

r i 12<
0._J

1:11

UNSTABLE
STABLE 9

10

0-
5 10 15 20

CONING ANGLE (0) DEG
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Conclusion:

This was the latest in an ongoing test series supporting the M825 Smoke
Round Program. The Projectile Flight Simulator or "Spin Fixture" has
been used in the development of the M825 Smoke Round and in evaluating
sample units from production runs for consistency in materials and
manufacturing process. It has been a valuable tool for both practical
and research programs.
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INTRODUCTION

* Highly viscous liquid fills (e.g. 10OK CS) can
cause flight instabilities.

• Small amounts of low viscosity fluids (e.g. 5%
water) added to the high viscosity liquid can
eliminate instabilities.

• Drawbacks to additive appi. ach:

* Two fluids must be immiscible.

• Low viscosity additives must have a
greater density than high viscosity fluid.

* Smooth canister wall may reduce surface
shear stresses.

"* Achieve results similar to additive
approach.

"* Eliminates drawbacks of additive
approach.
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CANISTER CONFIGURATIONS TESTED

* Standard canister c/a = 4.5,
(roughness ~ 1 25 to 250 micro inch finish)

9 Smooth canister c/a = 4.5,
(roughness = 9 to 17 micro inch finish)

* Smooth canister coated with silicone based
marine wax.

e Smooth canister coated with teflon based
marine wax.

9 Rough wall canister c/a = 4.57, standard
canister painted with grit filled safety paint.
(roughness 50,000 micro inch finish)
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TEST CONDITIONS

Fluids

* 10,000 CS Silicone

* 100,000 CS Silicone

* 10,000 CS S;licone + 5% water (Standard
canister only)

• 100,000 CS Silicone + 5% water (Standard
canister only)

Coning Rates

* 300 rpm

* 400 rpm

* 500 rpm

Coning Angle

•20°

298



)) 
I-=

0

0

z

01. 
-J.. ,.:

0e . --- , 0

)//

299



TEST PROCEDURE

For a specific coning angle and coning rate:

* The canister is spun up to - 10,000 rpm as
the coning rate is established at the
predetermined rate.

* With the coning rate held constant, the
canister is allowed to spin down.

* Canister despin is recorded versus time.

* From the despin data, the Total Moment (MT)
is calculated, MT = I iv, where I is the axial
moment of inertia of the empty canister.

* The liquid moment is found from
ML = MT - MF, where MF, friction moment,
is determined using the same procedure
described above but with no fluid in the
canister, ML = 0.
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CONCLUSIONS

For typical artillery shell flight conditions (1) = 500 rpm, w
6000 rpm) the additive approach yielded the best results,
reducing the despin moment by = 50% (ref. Standard
Canister).

* 10,000 cs Silicone Fluid
For typical artillery shell flight conditions the canister wall
roughness had little or no effect on the despin moment.

* 100,000 cs Silicone Fluid
For typical artillery shell flight conditions the despin moments
(ref. Standard Canister) for the smooth and rough canister
configurations were decreased = 10%.

* Log(Re') versus Liquid Payload Coefficient
Re' > 1 0: 5% water produced smallest coefficients, standard
and rough canister produced the largest coefficients and the
smooth canisters produced results in-between.

* Above 6000 rpm, the rough and smooth teflon waxed
canisters produced a significant decrease in despin moment.
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SUMMARY OF ADDITIVE FLIGHT TEST RESULTS

Fill Additive Initial Yaw Flight Stability

100K CS No Large Catastrophic @ 8 Sec

" Yes @ 12 Sec

35K CS No @ 13 Sec

"Yes @ 22 Sec

1OK CS No @ 29 Sec

"Yes Stable Flight

100K CS No Small Catastrophic @ 28 Sec

Yes Stable Flight (Limit at end)

35K CS No St&',le Flight (Limit at end)

Yes Stable Flight

10K CS No M Stable Flight (Limit at and)

Yes Stable Flight

100K CS No Large Catastrophic 0 8 Sac
(50% Full)

"No Small Catastrophic 0 21 Sec

100K CS No Large Stable Flight
(Viscoelastic)

"No Small Stable Flight

Note: Zone 4 Charge, 850 mils (47.5 deg.) QE, 5000 ft ground elevation,
M825 projectiles with standard, two piece base, large yaw - 10-12
deg., small yaw - 2 deg.

A
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CONCLUSIONS

* GOOD AGREEMENT BETWEEN THEORY, LABORATORY EXPERIMENTS
AND FLIGHT TESTS FOR VISCOELASTIC LIQUID-FILL.

GOOD AGREEMENT BETWEEN THEORY, LABORATORY EXPERIMENTS
AND FLIGHT TESTS FOR PARTIAL-FILL CONDITION.

LOW VISCOSITY, IMMISCIBLE LIQUID ADDITIVE ALWAYS
REDUCES DESTABILIZING LIQUID MOMENT.

* ADDITIVE PRODUCED STABLE FLIGHTS FOR ALL LIQUID-FILL
VISCOSITIES TESTED UNDER NORMAL LAUNCH CONDITIONS.

* ADDITIVE PRODUCED STABLE FLIGHTS FOR ONLY THE LOWEST
LIQUID-FILL VISCOSITY TESTED UNDER INDUCED YAW
LAUNCH CONDITIONS.

* POSSIBLE REASON FOR DIFFERENCES BETWEEN LABORATORY
PREDICTIONS AND FLIGHT FOR ADDITIVE.

- Transient effects during firing may have delayed
distribution of additive to side wall of container.

- May require increased amount of additive (10%-15%)
rather than 5% used in these tests.
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Summary of New Directions for
Liquid-Filled Projectile Studies

*NOTE: The following items were suggested and agreed upon by
those in attendance at the Workshop. They have not been put
under any specific category nor have they been prioritized.

Coordinate efforts between ARO, BRL and CRDEC concerning data,
terms and comparison of results.

Concerned about achieving better agreement between experimental
and theoretical results.

Investigate heavier immiscAlble, low viscosity additives (i.e.,
salt water) to improve transient distribution for reducing
viscous liquid-fill instabilities.

Explain linear and non-linear effects.

Conduct bifurcation studies.

Determine density of felt wedges when saturated with white
phosphorus.

Conduct additional yaw sonde instrumented flight tests of
liquid-filled projectiles.

Perform internal flow visualization studies in laboratory.

Investigate experimentally, the effect of non-cylindrical
containers (i.e., cylinder.3 with endcaps that are ellipsoidal,
conical, etc.) for highly iiscous liquids.

Evaluate longitudinal baffles to reduce destabilizing moment
due to highly viscous liquid-fills.

Analyze transient effects of immiscible, low viscosity
additives in reducing instabilities (yaw sonde, spin-up
experiments, theoretical, etc.).

Investigate large despin moment at low spin rates for
viscoelastic fluids.

4L
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Unsteady and gravity effects at low Reynolds numbers.

Non-linear, unsteady and shape effects at high Reynolds
numbers.

Determine Reynolds number limits for existing codes.

Establish single analytical method for liquid-filled
projectiles that handles entire Reynolds number range (i.e.,
one stop method).
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"WORKSHOP" RECOMMENDATIONS
(Not Prioritized)

1. Obtain more detailed effects of immiscible additives in
preventing flight instabilities.
2. Study effect of unconventional geometry (i.e., baffles,

internal payload shape, etc) in creating and preventing flight

r instabilities.

3. Determine influence of porous media in reducing flight
instabilities.

4. Investigate larger range of visco-elastic fluids related to
flight instabilities.

5. Understand transient effects during launch and flight.

6. Include effect of chemical reactions during flight.

7. Analyze in-flight, mixing phenomena.

8. Evaluate non-linear dynamic factors.

9. Evaluate in-flight thermal effects.

10. Obtain additional laboratory and flight test data to
provide experimental validation of theoretical results.

11. Determine influence of combined internal and external flow
effects on flight stability.

3r
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LIST OF REGISTRANTS

Workshop on Rotating Fluids Miles C. Miller
held at the Army Hlih Performance U.S. Army Chemical Research, Development &
Comouting Research Center Engineering Center
April 22-23. 1991 ATTN: SMCCR-RSP-A

Aberdeen Proving Ground, MD 21010-5423

Eugene R. Cooper (301) 671-2186
U.S. Army Ballistic Research Laboratory John Molnar
ATTN: SLCBR-LF U.S. Army Chemical Research, Development &
Aberdeen Proving Ground, MD 21005-5066 Engineering Center
(301) 278-3109 ATTN: SMCCR-RSP-A

William P. D'Amico Aberdeen Proving G'ound, MD 21010-5423
U.S. Army Ballistic Research Laboratory (301) 671-2186
ATTN: SLCBR-LF Charles Murphy
Aberdeen Proving Ground, MD 21005-5066 U.S. Army Ballistic Research Laboratory(301) 278-3109 ATTN: SLCBR-LF

Nathan Gerber Aberdeen Proving Ground, MD 21005-5066
U.S. Army Ballistic Research Laboratory (301) 278-3109
ATTN: SLCBR-LF Michael J. Nusca
Aberdeen Proving Ground, MD 21005-5066 U.S. Army Ballistic Research Laboratory(301) 278-3109 ATTN: SLCBR-LF

Harvey Greenspan Aberdeen Proving Ground, MD 21005-5066
Department of Mathematics (301) 278-3109
Massachusetts Institute of Technology Mohamed Selmi
Cambridge, MA 02139 Department of Mechanical Engineering
(617) 253-4381 Ohio State University

David J. Hepner Columbus, OH 43210
U.S. Army Ballistic Research Laboratory (614) 292-4975
ATTN: SLCBR-LF John Strikwerda
Aberdeen Proving Ground, MD 21005-5066 Computer Science Department
(301) 278-3109 University of Wisconsin

Thorwald Herbert Madison, WI 53706
Department of Mechanical Engineering (608) 262.0822
Ohio State University Daniel Weber
Columbus, OH 43210 U.S. Army Chemical Research, Development &(614) 292-4975 Engineering Center

Dan Joseph ATTN: SMCCR-RSP-A
Department of Aerospace Engineering & Aberdeen Proving Ground, MD 21010-5423
Mechanics (301) 671-2186
University of Minnesota Julian Wu
Minneapolis, MN 55455 Army Research Office
(612) 625-8000 P.O. Box 12211

Rihua Li Research Triangle Park, NC 27709-2211
Department of Mechanical Engineering (919) 549-4321
Ohio State University
Columbus, OH 43210
(614) 292-4975
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WORKSHOP ON PROBLEMS OF ROTATIN1G FLUIDS
PrWorm Agenda

Monday, Apri 22,1991

8:30 am Welcome Dr. Donald Austin
Executive Director, AHPCRC

8:45 Opening Remarks Dr. Daniel Joseph
Aerospace Engineering & Mechanics, U of MN

9:00 Overview of CRDEC Mr. Miles Miller
Research Program for Liquid- Chemical Research Development
Filled Projectiles & Engineering Center

9:30 Analysis and Visualization of the flow Dr. Thorwald Herbert
in a Spinifii and NutaUng Container Ohio State University
(Computer Demonstration)

10:30 Tour of Army High Performance Computing Dr. George Sell

Research Center Director. AHPCRC

11:30 LUNCH

1:00 pm Tour of Fluid Dynamics Laboratory Dr. Daniel Joseph
Aerospace Engineering & Mechanics, U of MN

2:30 A Centrifugal Spectrometer Dr. Harvey Greenspan
Massachusetts Institute of Technology

3:00 Moment Exerted by a Viscous Liquid in a Dr. Charles Murphy
Spinning. Coning Container BallisUcs Research Laboratory

Tueidaj. Apil 23. 1991

8:30 am Computational Study of the Unsteady Flow in a Dr. Rihua Li
Spinning and Nutating Cylinder Ohio State University

9:00 Numerical Simulations of Non-Cylindrical Mr. Michael Nusca
Liquid-Filled Containers Ballistics Research Laboratory

9:30 Motion of Two Immiscible Fluids Mr. Mohamed Selmi
in a Spinning and Coning Cylinder Ohio State University

10:00 Direct Measurement of Liquid Mr. David Hepner
Effects Using a Moment Balance Ballistics Research Laboratory

10:30 Laboratory Flight Stability Mr. John Molnar
Evaluation of Production Chemical Research Development
M825A1 Payload Canisters & Engineering Center

11:00 LUNCH

(OVER)
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1:00 pm Theory and Experiments for Dr. Gene Cooper
Rotating Porous Media Flow Ballistics Research Laboratory

1:30 Effect of Interior Canister Wall Roughness Mr. Daniel Weber
on Liquid Despin Moment Chemical Research Development

& Engineering Center

2:00 Instrumented Flight Tests Mr. Miles Miller
Artillery Projectiles with Chemical Research Development
Selected Liquid-Fills & Engineering Center

2:30 Wrap-up and Final Remarks All

3:30 Adjourn
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